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Abstract

Westudied four floral color morphs of the annual Clarkia amoena van pacifica to

determine whether variation in reproductive fitness and pollination biology accom-

panied floral color variation. Reproductive variables examined included insect visi-

tation, pollen production and deposition and seed set. Pollinator visitation rates were

not significantly different among color morphs in observation plots located in the

two study areas. However, the white morph, which occurred in a separate population,

differed from the other morphs in that it received visits from a greater variety of

insects. The white morph also produced 3.3 times more pollen than the other three

morphs and pollen deposition on the stigmas of the white morph was 7.2 times greater

than in the other three morphs. In addition, while most within morph comparisons of

the number of seeds produced by open-pollinated, self-pollinated and cross-pollinated

flowers were insignificant, seed set for the white morph was significantly less in

outcrossed flowers. Meanwhile, among morphs, the white flowers produced more seed

per fruit (x = 101.1, SD = 16.3) than the purple-spotted (x = 68.2, SD = 33.8) or

white-spotted (x = 64.2, SD = 27.4) color morphs under self-pollination. This study

suggests potential links between pollinator diversity, seed set, and population differ-

entiation in a plant that appears to combine autogamous and xenogamous elements

in its breeding system.

Floral color variation within and among plant populations is often

related to and accompanied by other types of variation (Miller 1981;

Waser and Price 1981; Galen 1989; Bosch 1992). In addition, when
pollinators discriminate among floral variants, pollinator-mediated

selection may play a role in the evolution of further floral variation

(Miller 1981; Galen 1989; Robertson and Wyatt 1990). Discrimi-

nation among morphs by pollinators sometimes influences male re-

productive characteristics, such as the number of pollen grains pro-

duced and the ability to deposit pollen on stigmas (Bosch 1992;

Stanton et al. 1986). Differential pollen deposition on stigmas can

also lead to variation in female fitness, measured as seed production

(Waser and Price 1981; Galen 1989). Furthermore, if the spatial

distribution of floral morphs is closely correlated with that of effec-

tive polhnators (Miller 1981; Galen 1989; Robertson and Wyatt

1990), pollinator-mediated selection may affect the development of

distinct races (Miller 1981).
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Previous studies of the genus Clarkia have focused mainly on
genetic variation (e.g., Soltis and Bloom 1991), evolutionary mech-
anisms (e.g., Lewis 1953) and pollinators of Clarkia (MacSwain et

al 1973). Less attention has been given to the variation in repro-

ductive fitness among floral color morphs and how this relates to

pollination biology (Jones 1994). The purpose of this study was to

examine whether floral color variation in Clarkia amoena var. pa-

cifica was accompanied by variation in reproductive fitness and the

ability to attract pollinators. Specific questions we addressed were:

1) Do differences in pollinator visitation rates occur among the four

color morphs? 2) Are the different color morphs visited by the same
insects? 3) Is variation in female reproductive fitness, pollen pro-

duction and pollen deposition present?

Methods

Clarkia amoena var. pacifica is an annual that occurs as four floral

color morphs: white, purple, purple-spotted and white-spotted (spot-

ted individuals have a magenta spot centrally located on each white

or purple petal). We were able to locate two sites on the Oregon
coast that contained C. amoena var. pacifica. Cascade Head and

Cape Lookout. Cascade Head, a grassy promontory located 7 miles

north of Lincoln City, Oregon, represents the only known site con-

taining all four color morphs. We studied two populations of C.

amoena var. pacifica which occur separately at Cascade Head. One
site, located inland approximately 0.8 km, contains only the white

morph. The second site is located along the face of the headland

and contains the white-spotted, purple-spotted and purple morphs.

Pollinator study. Weestimated pollinator visitation rates using 44,

one meter square observation plots that were randomly located

across both sites during the 1993 flowering season (May-August).
Plots were observed using 20 minute time intervals. We observed

plots throughout the day for all sites and color morphs, in both sunny

and cloudy weather (n = 8 days of observation). Flowers were di-

urnal and therefore nocturnal pollinators were not considered. We
observed 18 plots that contained only the white morph while we
observed 26 plots that contained a mixture of the other three morphs.

Four people assisted in pollinator studies which allowed some si-

multaneous observation of different plots; observers were also ro-

tated among sites A and B. An insect was considered to be a po-

tential pollinator if it made direct contact with the anthers. For each

visit, we recorded the type of insect, the color morph visited, the

number of flowers sampled, and the length of the visit.

Because we were interested in visitation rates in natural popula-

tions and since plots were randomly located in both sites, plant

densities varied among plots, ranging from 3 to 57 Clarkia per plot.
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Variability in color morph frequency among plots was monitored by
recording the number of flowers of each morph per plot prior to

each observation period. To determine whether flowering density

affected pollinator visitation frequency we tested for a possible cor-

relation between flower number and pollinator frequency. In addi-

tion, we compared differences in the average percentage of flowers

of each morph visited per plot during the 20 minute observation

periods using Chi-square.

Pollen production and deposition. To examine pollen production

in the four floral color morphs we collected one flower from each

of 20 randomly selected individuals of each color morph just prior

to pollen release. Flowers were placed individually in glycine bags

and stored temporarily in a lab desiccator. For pollen counts, we
soaked individual flowers in water and placed these on a 350 um
plankton sieve. We then washed pollen from each flower with a

forceful stream of water. Whenmicroscopic examination of the sieve

and anthers revealed that the pollen from all the anthers had been

washed into the beaker below, the volume of water was recorded.

Using a micropipetor we removed 20 (2 ml) samples from each

beaker and counted the number of pollen grains using a dissecting

microscope. We added glycerine drops prior to counts and pollen

was stirred magnetically to ensure an even distribution and to pre-

vent pollen grains from adhering to one another. (This was especially

important because SEM photos [Phillips xl-20] revealed pollen

grains to be connected by viscin threads.) The average number of

pollen grains/ml was calculated and then multiplied by the total

volume of water in the beaker to find the total number of pollen

grains produced by each flower.

To determine the amount of pollen deposited on stigmas we sam-
pled 10 senescent flowers (all from distinct individuals) of each

color morph. Senescent flowers were defined as those that remained
closed all day and appeared wilted. We removed the stigmas from
these flowers and stored them individually at —85 C. For pollen

counting, each stigma was placed in a depression slide with 10%
hydrochloric acid and heated for about three minutes on a hot plate.

Stigmas were then easily crushed between two slides, which were
rubbed together to distribute the pollen across the slide. A grid

placed on top of the slide aided microscope counts of the number
of pollen grains.

Breeding system study.

Open-pollinated individuals. —to assess seed set under field con-

ditions that allowed for insect pollination and autofertility, we
bagged 10 green capsules from different, randomly selected plants

of each color morph prior to seed release. After maturity, we re-
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corded the number of filled and unfilled seed. Unfilled and filled

seeds were clearly different.

Self-pollinated individuals. —In a previous study Lewis and Lewis
(1955) found C. amoena var. huntiana collected in the field and
grown under greenhouse conditions was self-pollinating. Thus, to

determine the extent of autofertility in the absence of insects, we
bagged non-emasculated flowers of each color morph with a fine

nylon mesh netting prior to pollen release and stigma receptivity.

Once the flowers had senesced, we removed nets and later collected

the mature capsules. We recorded the number of filled and unfilled

seed produced in each capsule for 10 capsules of each color morph.
Outcrossed individuals. —Weevaluated the seed set attributed to

allogamy by emasculating 10 flowers on randomly selected plants

of each color variant prior to stigma receptivity. Pollen left on the

petals was removed by using a brush to insure that the flower would
not be self-pollinated. Once flowers had senesced, we marked and

bagged 10 capsules of each morph for counts of filled and unfilled

seed. On average, three flowers of any given plant were simulta-

neously releasing pollen.

Weexamined variation in means among the color morphs using

a two-way analysis of variance with color morph, pollination treat-

ment and their interaction as the main effects. When variation was
found to be present we applied the Tukey test (Zar 1984) to deter-

mine significant differences between means.

Results

Pollinator visitation. The 44 observation plots contained an av-

erage of 18.8 C. amoena var. pacifica individuals. Wecompared the

frequency of observed visits for different morphs by dividing the

number of visits to each morph during the 20 minute observation

interval by the number of flowers of that color morph in a given

plot; we then averaged these results for all plots. Of the total number
of purple-spotted flowers observed, on average 14.5% were visited

during each 20 minute observation period while 9.6% of the white-

spotted, 14.9% of the purple and 7.5% of the white flowers observed

were visited. Visitation rates were not significantly different among
the color morphs (x^ = 3.44, df = 3, P > 0.05). However, the types

of potential pollinators present on color morphs varied. Purple-spot-

ted, purple and white-spotted flowers received 82-92% of their visits

from halictid bees, whereas white flowers received visits from a

greater variety of insects, including bumblebees and syrphid flies

(Fig. 1). Weobserved pollinators visiting flowers of multiple colors

on one foraging bout, however, we did not observe pollinators vis-

iting more than one flower on an individual plant during one for-

aging bout. Although there was a significant difference between
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Fig. 1. Proportion of visits attributed to each of the potential pollinators for the four

color morphs of Clarkia amoena var. pacifica.

plant densities in the mixed color morph plots versus the white color

morph plots (x^ = 4.19, df = 1, P < 0.05), there were no significant

correlations between plant density and pollinator visitation rates (r

= 0.039, P = 0.85 for the mixed plots; r = 0.059, P = 0.82 for the

white plots).

Pollen production and deposition. Significant variation was pres-

ent in pollen production (ANOVA, F = 41.39, df = 7, P < 0.05)

and in the number of pollen grains deposited on stigmas among the

color morphs (ANOVA, F = 26.17, df = 36, P < 0.05). Pollen

production in the white morph (x = 5617, SD = 2118 grains per

flower) was, on average, 3.3 times greater than in the other three

morphs (purple-spotted: x = 1574, SD = 859; purple: x = 2134,

SD = 1060; white-spotted: x = 1415, SD = 725) which were not

significantly different from one another. White flowers also received

significantly more pollen (x = 1942, SD = 996 grains per stigma)
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Table 1. Mean Number and Standard Deviation of Seed Set per Fruit Among
Open-pollinated, Self- pollinated and Outcrossed Individuals of Each Color
MoRPHOF Clarkia amoena var. pacifica.

Open-pollinated Self-pollinated Outcrossed

Purple-spotted 72.5 ± 26.2 68.2 ± 33.8 75.5 ± 17.1

Purple 69.5 ± 39.7 89.7 ± 22.7 60.0 ± 40.7

White-spotted 51.6 ± 25.0 64.2 ± 27.4 61.3 ± 21.2

White 89.8 ± 28.0 101.1 ± 16.3 59.3 ± 32.6

than the other three morphs (purple-spotted: x = 292, SD = 190;

purple: x - 259, SD = 151; white-spotted: x - 251, SD = 148).

Breeding system study. Pollination treatment and flower color

both had a significant effect on seed production. However, there was
no significant effect due to the interaction of flower color and pol-

lination treatment. ( ANOVA, F = 1 1 .4, df = 3 for flower color, F
= 3.3, df = 2 for pollination treatment, P < 0.05. For the interaction

of the flower color and pollination treatment F = 1.31, df = 6, P
= 0.26)

Within morph comparisons. —The only significant within color

morph variation in seed production among the pollination treatments

occurred in the white morph. The white morph produced signifi-

cantly less seed per fruit under the outcrossing treatment (ANOVA,
F = 6.64, df = 27, P < 0.05; Tukey P < 0.05; Table 1).

Between morph comparisons. —Between morphs, the only signif-

icant difference occurred under the self-pollination condition. The
white morph produced significantly more seed per fruit under this

treatment than both the purple-spotted and white-spotted morphs
(ANOVA, F = 4.62, P < 0.05; Tukey at P < 0.05; Table 1).

Discussion

Variation in seed set, pollen production and deposition, and pol-

linator diversity does accompany differences in floral color in C.

amoena var. pacifica. Specifically, the white morph differed from

the other morphs in the types of pollinators present, pollen produc-

tion and deposition, and some aspects of seed set. However, visi-

tation rates by insects did not significantly differ among the morphs,

and habitat differences may account for some of the differences

observed.

Pollinator visitation. Even though insect visitation rates did not

differ among color morphs, a greater diversity of pollinators visited

the white morph. This may have resulted from several factors. First,

certain insects preferentially visit particular floral colors (Pederson

1967; Heinrich 1974; Mogford 1974). For example, Pederson ( 1967)
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found that solitary bees visiting alfalfa selectively avoided white

flowers, whereas Mogford (1974) found that bumblebees preferred

white flowers of Cirsium palustre. In this study, visits by halictids,

a type of solitary bee, represented only 12% of the visits to the

white morph yet constituted between 82-92% of the visits for the

other three morphs. In contrast, bumblebees were observed only on
the white morph. Thus, color preferences of pollinators may play a

role in visitation patterns to C. amoena var. pacifica.

Secondly, the wider array of visitors observed on the white flow-

ered morph may be related to it's greater production of pollen, an

important primary attractant for many pollinators. However, whereas

pollen production may have influenced the diversity of insects ob-

served on various color morphs, the overall visitation rates were not

different among morphs. Additional studies are needed to more
clearly differentiate the potential effects of pollen production on
both pollinator visitation rates and pollinator diversity.

Additionally, high pollen production and larger flower size often

covary; in Raphanus and Polemonium the combination of these two
factors may enhance the attractiveness of plants to pollinators, es-

pecially bumblebees (Stanton and Preston 1988; Galen and Newport
1987). Similarly, in C. amoena var. pacifica, the flowers of the white

that produce more pollen are also significantly larger than those of

the other three morphs (Butler and Foust, unpublished observation).

Finally, variation in habitat may explain some of the differences

in pollinator visitation patterns. Differences among pollination sys-

tems in some species of Clarkia appear to be mainly ecological;

where the plants are restricted to different habitats, the pollinators

may differ (MacSwain et al, 1973). At Cascade Head, plants of the

white morph occur among tall grasses and forbs (approximately Im
tall) while the vegetation in the mixed population is largely domi-
nated by red fescue and a diverse array of forbs (approximately 0.3

m tall). Casual observations of pollinators from previous years (Ke-

phart, personal communication) also suggest a greater diversity of

pollinators exists in the ungrazed headland. However, if habitat rath-

er than floral factors were responsible for the observed differences

in pollinator diversity, one would predict that the biotically rich area

where the mixed population occurs (consisting of ungrazed coastal

prairie) would have yielded the highest pollinator diversity. Instead,

the white morph in the less diverse site supported a more varied

pollinator fauna. Further experimental studies are needed to distin-

guish among pollinator, floral, and habitat based variables.

A possible outcome of differential visitation to varied populations

of a species is reproductive isolation and/or evolutionary divergence

(Miller 1981; Grant 1949; Stebbins 1971). Some evidence presented

here supports possible reproductive isolation for the white morph
and a likelihood of considerable interbreeding among the co-occur-
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ring color morphs. Observations of insect flights showed that pollen

transfer readily occurs between the purple-spotted, purple, and
white-spotted morphs. Similarly, Jones (1994) found that pollinators

moved randomly between plants of spotted and unspotted morphs
of Clarkia gracilis. In contrast, while pollen transfer between the

white morph and the other three morphs of C. amoena var. pacifica

is possible, it is likely reduced by the distance separating these pop-

ulations (but see Kirkpatrick and Wilson 1988; Broyles and Wyatt
1990). In our study of C. amoena var. pacifica, reproductive isola-

tion would be facilitated by spatial distance, differential pollinator

visitation, evidence of possible autogamy in the white morph, and
by the genetic differentiation for the white morph implied by elec-

trophoretic studies (Butler and Foust 1996). These hypotheses merit

further testing by combining techniques such as paternity analysis

with studies of the foraging patterns of marked insects.

Pollen production and deposition. In the white morph, pollen pro-

duction and deposition were higher than in the other three morphs.

Theoretically, the ability to produce more pollen serves to attract

more pollinators, thereby potentially increasing the number of grains

deposited on stigmas (Stanton and Preston 1988). In this study, how-
ever, greater pollen production in the white morph did not result in

greater insect visitation, although it was associated with greater pol-

linator diversity and the presence of bumblebees. Thus, the greater

number of pollen grains deposited on stigmas of the white morph
may instead reflect the high efficiency of bumblebees with respect

to pollen transfer (Waser 1982).

Another consequence of the greater pollen production in the white

morph may be enhanced self-pollination leading to higher seed set.

One could argue that the significance of higher pollen deposition

for reproductive success is probably somewhat limited, since stig-

mas of all color morphs generally received more pollen grains than

the number of seed produced. However, some studies have found

that increased pollen deposition may lead to increased progeny vigor

(Winsor et al. 1987; Schlichting et al. 1990). Further studies on
germination rates, seedling growth rate and other similar characters

would give important information regarding the possible conse-

quences of the increased pollen loads of the white morph.

Female fitness. Significant variation in female fitness within floral

color variants was limited to greater seed set by the white morph in

open and autogamously pollinated flowers. Because autogamy was
possible only under these two conditions, the high pollen production

in the white morph may influence seed set primarily via enhanced

self pollination. While some inbreeding depression is likely with

such a pollination system, it does not appear to compromise ade-

quate seed set in C. amoena var. pacifica. Also, in adverse weather
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(e.g. rain and high winds common at Cascade Head), a polUnation

system that is not poUinator-Hmited may be especially important

(Oleson and Warncke 1992). In C. amoena var. pacifica, the equiv-

alent heights of the anthers and stigmas and incomplete protandry

also facilitate self-pollination. Weobserved contact of dehiscing an-

thers and receptive stigmas under varying weather conditions, but

most commonly during rainy periods when few pollinators were
present.

The increased seed set under the self-pollination condition for the

white morph also highlights the potential importance of self-polli-

nation in clarkias with mixed-mating systems. In Clarkia gracilis

ssp. sonomensis self pollen deposition is common, but stigmas ex-

posed to pure self and outcross pollen produce similar number of

seeds while mixtures of self and outcross pollen produce three times

more outcrossed as selfed offspring (Jones 1994). Thus, the success

of self and outcross pollen in producing seed may be dependent on
the presence or absence of competition, which can be influenced by
the number and type of pollen grains on each stigma in C. amoena
var. pacifica.

The importance of self-pollination within the white morph merits

further study based on differential seed set. In other color morphs,

however, filled seed set under the three different pollination condi-

tions did not vary. The breeding system of Clarkia amoena var.

pacifica overall combines both autogamy and xenogamy.
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